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Research  Objectives 

Among  various  materials  for  solid  state  actuators  (e.g.,  magnetostrictors,  shape  memory 
alloys,  and  ferroelectric  ceramics),  ferroelectric  ceramics  are  most  versatile,  offering  a  combination 
of  large  actuation  work  per  unit  volume,  fast  response,  low  cost,  and  electric  field  control. 
Ferroelectrics  have  long  been  used  in  non-structural  applications  (e.g.,  pressure  sensors, 
microphones)  that  require  small  forces  and  displacements.  Their  brittleness  has  not  been  the 
limiting  factor  in  such  applications.  Recent  applications  include  large-scale  adaptive  structures, 
active  vibration  control,  and  precise  positioning,  all  requiring  large  actuation  work  under  repeated 
loading.  Although  each  application  involves  many  technical  issues  (e.g.,  sensing,  signal 
processing,  actuation,  structural  design),  it  is  the  reliability  of  actuators  that  has  become  the 
limiting  factor. 

The  present  actuator  design  practice  is  empirical:  no  data  base  and  analytical  tool  exist  to 
assure  long  term  reliability.  This  is  in  contrast  with  most  other  structural  elements,  where  years  of 
experience  and  research  have  accumulated  such  data  bases  and  tools.  Often  it  is  this  lack  of 
reliability  assurance  that  stands  in  the  way  of  integrating  actuators  into  structures.  The  object  of  the 
proposed  research  is  to  create  a  computational  tool  to  design  reliable  actuators.  The  work  focuses 
on  multilayer  actuators,  although  ideas  and  tools  to  be  developed  would  be  relevant  to  other  types 
of  actuators. 

Technical  Approach  and  Accomplishments 

Most  reliability  problems  relate  to  internal  stresses  in  the  actuators.  In  nearly  all  actuator 
designs,  the  internal  electrodes  have  geometric  discontinuities  (e.g.,  internal  electrode  edges), 
around  which  the  applied  voltage  induces  a  nonuniform  electric  field.  The  nonuniform  electric 
field  induces  internal  stresses.  Cracks  can  nucleate  near  electrode  edges,  and  grow  under  cyclic 
voltage.  Apparently,  such  cracks  do  not  change  mechanical  performance  significantly.  However, 
a  crack,  once  connects  electrodes  of  opposite  polarity,  provides  an  easy  electrical  breakdown  path. 
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Because  ceramic  layers  in  an  actuator  are  connected  in  parallel,  one  breakdown  site  would  cause 
short  circuit  and  the  whole  device  would  cease  to  function. 

The  above  sequence  of  events,  or  its  variants,  identifies  cracking  as  a  prerequisite  for 
electrical  breakdown.  The  voltage  required  to  cause  breakdown  by  this  process  can  be  much 
smaller  than  that  required  in  the  absence  of  cracks.  The  general  strategy  to  avoid  cracking  is  to 
change  materials  or  electrode  configuration  to  reduce  internal  stresses.  Such  changes,  of  course, 
are  subject  to  the  constraint  of  cost  and  performance.  We  have  developed  a  crack  nucleation  model 
under  the  small-scale  saturation  conditions.  This  model  shows  that,  for  a  given  actuator  material 
and  electrode  configuration,  crack  will  not  nucleate  if  the  individual  ceramic  layer  is  below  a  critical 
thickness.  Such  dependence  on  layer  thickness  is  qualitatively  consistent  with  the  available 
experience. 

We  have  developed  a  finite  element  program  to  solve  the  coupled,  nonlinear 
electromechanical  problem.  At  present,  the  material  is  taken  to  be  nonlinear  dielectric  with 
electrostrictive  strain  quadratic  in  elastic  displacement.  We  have  used  the  program  to  solve  field 
distribution  in  a  multilayer  actuator,  which  are  then  combined  with  fracture  mechanics  to  obtain 
cracking  condition.  The  calculations  are  compared  with  the  above  analytical  solution  under  the 
small-scale  saturation  conditions,  and  then  extended  to  the  large-scale  saturation  conditions.  We 
have  shown  that  the  cracking  condition  established  under  the  small-scale  saturation  conditions 
gives  useful  estimates  even  when  the  saturation  zone  is  comparable  to  the  actuator  layer  thickness. 
We  have  also  used  the  program  to  compare  actuators  of  different  designs,  such  as  those  with  or 
without  edge  slits.  We  show  that  the  slits  do  not  significantly  reduce  the  stresses  near  the  electrode 
edge.  However,  they  do  reduce  stress  over  a  larger  volume  in  the  insulating  gap. 

The  PI  has  published  a  critical  review  of  the  current  understanding  of  the  effects  of  stress 
and  strain,  with  particular  emphasis  on  small  structures,  such  as  cracking  in  multilayer  actuators, 
thin  films,  and  small  particles. 

(Ba,Sr)Ti03  films  on  silicon  substrates  are  being  developed  for  dynamic  random  access 
memories.  These  films  are  under  large  tensile  stresses  due  to  deposition  process  and  thermal 
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expansion  misfit.  By  a  converse  electrostrictive  effect,  a  tensile  stress  in  the  plane  of  the  film 
reduces  the  capacitance  measured  through  the  thickness  of  the  film.  Tom  Shaw  and  I  are  finishing 
a  paper  reporting  our  effort  to  quantify  this  effect.  The  residual  stress  in  a  film  was  determined  by 
measuring  the  change  in  the  substrate  curvature  upon  the  removal  of  the  film.  In  a  separate 
experiment,  a  force  was  applied  to  vary  the  stress  in  a  film  on  a  wafer,  and  the  change  in  the 
capacitance  of  the  film  was  recorded.  The  data  allowed  us  to  infer  the  electrostrictive  coefficient  of 
the  film,  and  the  capacitance  of  a  stress-free  film.  The  methods  developed  are  applicable  to 
evaluate  the  stress  effect  on  any  high-permittivity  solid  films. 

Relevance  To  Navy 

Large  strain  actuators  have  many  applications.  Cracking  in  actuators  near  electrode  edges 
has  been  a  long  standing  problem.  There  is  a  basic  dilemma.  Large  strains  are  desired  for  actuator 
applications.  A  recent  emphasis  of  the  program  at  PENN  State  supported  by  ONR  is  to  develop 
materials  with  larger  strains.  On  the  other  hand,  such  larger  strains  induce  more  incompatibility 
around  electrode  edges.  Our  work  shows  that  if  one  makes  layer  thickness  and  insulation  gap 
small  enough,  even  large-strain  actuator  will  not  crack.  Our  finite  element  calculations  can  provide 
design  rules  in  developing  actuators  of  new  materials  and  geometry. 
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